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We report constraints on the nucleon-dark matter particle cross section using the internal
luminosity of observed white dwarf stars in the globular cluster Messier 4. Our results
cover the parameter space corresponding to relatively light dark matter particles, in the
mass range 0.1 GeV − 5 GeV , which is known to be very difficult to be probed by
direct dark matter searches. The additional luminosity coming from self-annihilations of
dark matter particles captured inside the stars must not exceed the observed luminosity.
Imposing that condition, we obtain for the spin independent cross section of light dark
matter particles on baryons σNχ the upper bound: σNχ < 4× 10
−41cm2.
Keywords: Dark matter; Indirect searches; Composition of astrophysical objects.
1. Introduction
Many well-established results coming from high-precision observations in Astro-
physics and Cosmology support our belief that the Universe is forming and expand-
ing at an accelerated rate for which the gravitational pull is dominated by dark
matter1, 2 and the anti-gravity by dark energy.3, 4 The success of modern observa-
tional cosmology in explaining the universe has lead to the establishment of the
concordance cosmological model, which is based on cold dark matter and a cos-
mological constant (ΛCDM). This is presently the most economical cosmological
model that successfully describes the structure formation of the Universe on large
scales. Nevertheless such a cosmological model says nothing about the nature of
the fundamental particles dark matter is made of. Therefore, the determination of
the properties of these unknown types of elementary particles, and the role that
such particles play in the formation of the Universe is one of the most important
1
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problems that need to be addressed by Particle Physics and Cosmology.
A very popular dark matter type are the Weakly Interacting Dark matter
(WIMP) particles, which are thermal relics from the Big-Bang. However, other good
candidates exist as well, for a good list see e.g.5 To shine some light into the nature
of dark matter, several experiments have been designed: for reviews and dark matter
searches see e.g.6–11 In direct dark matter searches an effort is made to observe the
nucleus recoil after a dark matter particle scatters off the material of the detector.
These direct detection experiments have put limits on the nucleon-dark matter can-
didate cross section for a given mass of the dark matter particle.12–19 Furthermore,
during the last 15 years or so, the use of observational data from astrophysical ob-
jects, such as the Sun,20–24 solar-like stars25–27 (see also28), white dwarf (WD) stars
and neutron stars,29–33 have been employed to offer us complementary bounds on
the WIMP-nucleon cross section.
If dark matter particles accumulate inside an astrophysical object in consid-
erable amounts, it will significantly modify the properties of the star, leading to
contradictions with current astronomical data. In this article we propose to use the
luminosity of observed white dwarf (WD) stars in the Messier 4 (M4) globular clus-
ter (GC) (also designated as NGC 6121),34 found in the constellation of Scorpion
at ∼ 7200 light years away, to constrain the parameter space on the nucleon-dark
matter particle cross section versus the mass of the dark matter particle. Our work
is organized as follows: after this introduction, we present the theoretical framework
in section two, and we constrain the dark matter parameter space in the third sec-
tion. Finally we summarize and conclude our work in the fourth section. We work in
units in which the speed of light in vacuum c, the Boltzmann constant kB and the
reduced Planck mass ~ are set to unity, c = kB = ~ = 1. In these units all dimen-
sionless quantities are measured in GeV, and we make use of the conversion rules
1m = 5.068× 1015GeV−1, 1kg = 5.610× 1026GeV and 1K = 8.617× 10−14GeV.35
2. Summary of basic properties of white dwarf stars
WD stars were discovered more than 100 years ago, when in 1914 H. Russell noticed
that the object 40 Eridani B was located well below the main sequence on the
Hertzsprung-Russell diagram. WDs are old compact objects that mark the final
evolutionary stage of the vast majority of the stars.36, 37 Indeed, more than 95%,
and even perhaps up to 98% of all stars, will die as WD stars.38 About 80% of
WD possess a hydrogen atmosphere (DA type), while the remaining 20% show
a helium atmosphere (DB type).39 The low-mass white dwarf stars are expected
to harbour He cores, while the average mass white dwarf star most likely contain
Carbon/Oxygen cores.36 As thermonuclear reactions no longer take place, WDs are
cooling down emitting their stored thermal energy.
Here we shall consider a set of observed white dwarf stars in the M4 GC40, 41
with masses in the range (0.3−1.4) M⊙, withM⊙ = 2×1030 kg being the solar mass,
age t∗ ∼ 1010 Gyr, and a core temperature Tc = 106 K. The mass-to-radius profile
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may be computed solving the Lane-Emden equation, see the discussion below, and
therefore for a given mass the radius of the object can be computed.
Since matter inside WDs can be described by a non-relativistic polytropic star
with an equation-of-state (EoS) of the form
p = Kργ , (1)
where p and ρ are the pressure and energy density of the stellar matter, and γ =
1+1/n where n is the polytropic index. We determine the internal structure of a WD
by solving the Lane-Emden equation for the function θ(ξ), see e.g.,42 for the initial
conditions θ(0) = 1 and θ′(0) = 0, where the primes denote differentiation with
respect to ξ. The radius R of the star is determined by the condition θ(ξ1) = 0. The
new variables (ξ, θ) are related to the original ones (r, ρ) via ξ = r/a and θn = ρ/ρc,
with ρc being the central energy density, while the constant a is defined to be such
that a2 = (n+ 1)pc/(4πGNρ
2
c) where GN is the Newton’s constant. Once the root
ξ1 is known, the radius R and the mass M of the star are computed by
R = aξ1 (2)
and
M = 4πa3ρc
∫ ξ1
0
dzz2[θ(z)]n. (3)
By combining the two equations and eliminating the central energy density we
obtain the mass-to-radius profile of the form
M(R) ∼ R(n−3)/(n−1). (4)
It follows that the structure of White Dwarfs are described by this well-known
Chandrasekhar model,43 for which the stellar matter with atomic number A and
charge Z inside the WD is considered to be completely ionised. In this stellar model
the gravitational force is balanced by the pressure of an ideal degenerate electron
gas. Accordingly, in the non-relativistic limit the WD equation-of-state has the
following simple form:42, 44, 45
p = 1013
(
ρ
µe
)5/3
(cgs), (5)
where µe = A/Z is the molecular weight per electron, not to be confused with the
chemical potential. For our study, it is sufficient to consider that µe has a value
equal to 2, as in most realistic WD compositions.45 By comparing the previous
equation with equation (1), we found that the polytropic index n = 3/2. Although
a more sophisticated treatment is possible (see e.g.46), for our purposes here it is
sufficient to consider the Chandrasekhar WD model.
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Fig. 1. Dimensionless luminosity versus f for the 5 stars shown in Table 1. The different colour
lines (1 · · · 5, from the left-side to the right-side) correspond to the total luminosity emitted by
each of the WD shown in Table 1. The horizontal dashed line defines the normalized observed
luminosity of each WD in the same table.
3. Dark matter accretion inside WDs
We assume a Gaussian profile for the dark matter number density47–49
n(r) = Nπ−3/2r−3χ e
−r2/r2
χ , (6)
where the dark matter particles are thermalized inside a sphere of radius30, 41 rχ
given by
rχ =
√
9Tc
8πGNmχρc
, (7)
where ρc and Tc are the central density and temperature in the core of the star,
while the number of dark matter particles N(t) accumulated inside the star as a
function of time t is computed by the following rate equation:50–53
dN
dt
= Cc − CaN2 − CeN, (8)
where in principle there are three competing mechanisms, namely the accretion
rate Cc (first term), the self-annihilation contribution Ca (second term) and the
evaporation contribution Ce (last term). The latter may or may be not as important
as the other two, and in many studies it is neglected. For a given type of object
(solar-like stars, WDs, neutron stars etc), it is efficient only for light DM particles54
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Fig. 2. Same as in Figure 1, but for the second group of 5 WD stars shown in Table 2
with a mass lower than a critical mass depending on the density of the star. For a
solar-like star it is of the order of the GeV,51 but for neutron stars it is of the order
of keV a. For WDs we expect something in between, and therefore for the DM mass
range considered in the present work, we can safely neglect the evaporation term.
The self-annihilation and the capture rates, Ca and Cc, respectively, are given
by the expressions
Ca =
〈σv〉χ
Vχ
(9)
and
Cc =
√
24πGNρχMR
mχv¯
f
[
1− 1− e
−B2
B2
]
, (10)
where Vχ is the thermalization volume that is given by Vχ = (4π/3)r
3
χ, and 〈σv〉χ ≃
3 × 10−26cm3/s is the DM annihilation cross section that is required to reproduce
the observed DM abundance.55, 56 Moreover, the quantity B is computed as B2 =
6mχv
2
esc/mAv¯
2(mχ/mA − 1)2 where mA is the mass of a nucleus with baryonic
number A = 14 to account for the mixed C −O composition found inside the WD.
The escape velocity is given by vesc =
√
2GNM/R and v¯ = 20 km/s. In addition,
the fraction of particles that undergo one or more scattering is given by f ≃ σ/σcr =
aC. Kouvaris, private communication
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A2σNχ/σcr,
41 with the saturation cross section being σcr = πmAR
2/M , while the
total nucleus-dark matter particle cross section σ = A2σNχ. Finally, using the
Navarro-Frenk-White halo profile57
ρNFW (r) =
ρs
(r/rs)(1 + r/rs)2
(11)
where rs = 20 kpc and ρs = 0.26 GeV/cm
3,58 one can compute the local value of
DM density at the Solar System, which is located at ∼ 8.5 kpc from the galactic
center, and it is found to be ρ0 = 0.3GeV/cm
3. We remark in passing that this value
of ρ0 is rather conservative, since current observations suggest ρ0 ≃ 0.38GeV/cm3,
while some others indicate a value two times larger (see20, 21, 59 for details). The DM
density at GC M4 was estimated to be ρχ = 798 GeV/cm
3, see40 for the details.
Therefore ρχ = 2660 ρ0, a value used also in.
41
With the initial condition N(0) = 0, the rate equation (8) can be easily inte-
grated, and thus the number of dark matter particles accumulated inside the star
during its lifetime is given by
N =
√
CcVχ
〈σv〉χ tanh
(√
Cc〈σv〉χ
Vχ
t∗
)
, (12)
where t∗ is the age of the star.
It is worth mentioning that the exact solution above acquires a simpler form in
two limiting cases in which the argument of the function tanh(x) is either very small
or very large: (i) for which x is very small (x ≪ 1), in this case the annihilation
cross section can be neglected; (ii) for which x is very large (x≫ 1), this is the case
that occurs after a sufficiently long time that the dark matter particles reaches the
equilibrium in which the two competing mechanisms in the rate equation (8) cancel
one another and the number of DM particles remains the same. In the first case (i)
one finds N ≃ Cct∗, which can be obtained from the rate equation neglecting the
annihilation term, while in the second case (ii) one finds N ≃√CcVχ/〈σv〉χ which
can be obtained from the rate equation (8) setting dN/dt = 0. It is easy to verify
that in our work, given the numerical values at hand corresponds to the case (ii),
we can use the previous formula for N at equilibrium.
Dark matter in the stellar core provide an additional source of energy.60, 61 The
energy generation rate ǫχ due to DM pair annihilation is given by
21
ǫχ = mχn(r)
2ρ(r)−1〈σv〉χ (13)
and therefore the internal luminosity of WD stars due to pair annihilation of DM
particles is computed by21, 60
dLχ
dr
= 4πr2ρ(r)ǫχ = 4πr
2n(r)2mχ〈σv〉χ (14)
upon integration from the center r = 0 to the surface r = R of the star.
We can imagine simple dark matter models with a handful of free parameters,
such as the mass of the dark matter particle mχ and some coupling constants
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λi. For a concrete, simple, non-supersymmetric model of this class see e.g.
62–69
The requirement that the dark matter abundance agrees with the PLANCK value,
Ωχh
2 ≃ 0.12,55, 56 reduces the number of free parameters by one. Furthermore, the
nucleon-dark matter particle cross section σNχ may be computed in terms of the
parameters of the model at hand, but we can trade one of the coupling constants
for σNχ. Therefore, in the rest of the article we shall assume that (mχ, σNχ) are the
two free parameters to be constrained.
Regarding direct dark matter searches, the current situation (limits and hints)
is illustrated in figures 26.1 and 26.2 of the review on Dark Matter by M. Tanabashi
et al. (Particle Data Group).70 For dark matter particle masses below 10 GeV the
limit is set by solar neutrinos. Therefore, we consider in this work the case of a
relatively light dark matter particle, with a mass of the order of the GeV, since this
corner of the parameter space cannot be probed by direct dark matter searches (see
also the Fig. 1 of69).
In the tables 1 and 2 below we show the mass and the luminosity of ten observed
WDs used in the numerical analysis. We have organized them into two groups of five
stars each, and the second group is characterized by lower luminosities. For a given
WD the radius is computed using the results obtained integrating the Lane-Emden
equation. Since σcr is known, the internal luminosity is a function of mχ, σNχ (or of
mχ, f) only. Our main numerical results are summarized in Figures 1 and2 where
we show the internal luminosity of WDs due to DM self-annihilations versus the
fraction f setting mχ = 1 GeV for the ten stars shown in the two tables, and the
corresponding upper bound on f for each case. We have checked for mχ = 0.1 GeV
or for mχ = 5 GeV the figures do not change, which implies that in the mass range
considered here, 0.1 GeV ≤ mχ ≤ 5 GeV , the internal luminosity of WD stars due
to DM self-annihilations is not sensitive at all to the mass of the DM particle.
Our numerical results show that the bounds set by the second group are more
stringent, as expected since the luminosity is lower there. This upper bound implies
an upper bound on the nucleon-dark matter particle cross section σNχ. Considering
the stringiest bounds (magenta curve in the first figure, brown curve in the second
figure)
f ≤ 5× 10−4 (15)
and
f ≤ 2.8× 10−4 (16)
we obtain the corresponding upper bound for the nucleon-dark matter particle cross
section:
σNχ ≤ 4× 10−41cm2 (17)
from the first group, and
σNχ ≤ 2× 10−41cm2 (18)
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from the second group.
Those are the main results of our work obtained for mχ = 1 GeV . Since the
internal luminosity of WD stars due to DM self-annihilations is not sensitive to
the mass of the DM particle, we obtain precisely the same bounds of the factor f
throughout the whole mass range.
A final remark is in order here. In this class of articles it is a common practice to
draw two-dimensional plots showing the nucleon-dark matter particle cross section
as a function of the mass of the DM particle. Those figures allow a direct comparison
with the results obtained in previous analyses. This, however, is not possible in the
present work. The reason is that for the mass range considered here, 0.1 GeV ≤
mχ ≤ 5 GeV , the bounds on f do not depend on mχ, as already mentioned before,
and therefore the corresponding bounds on σNχ are mass independent.
Finally, we require that the thermalization condition tχ < t∗ is satisfied, which
requires that the thermalization time tχ does not exceed the age of the star, t∗ =
(12.7± 0.7) Gyr,71 and tχ is given by30
tχ
4 yr
=
( mχ
TeV
)3/2 (108g cm−3
ρ⋆
)(
10−43cm2
fσcr
)(
107K
Tc
)1/2
(19)
where ρ∗ is the typical energy density of ordinary matter, ρ⋆ ∼ 109kgm−3. This
condition implies a lower limit of the factor f for a given mass mχ, and a corre-
sponding lower limit on σNχ. In particular, we find that for m = 0.1 GeV, 1 GeV
and 5 GeV, f is larger than 1.4× 10−19, 4.4× 10−18 and 4.9× 10−17, respectively,
while for the corresponding nucleon-DM particle cross sections we obtain that σNχ
is larger than 1.0× 10−56 cm2, 3.2× 10−55 cm2, and 3.5× 10−54 cm2.
Table 1. Masses and luminosities of 5 ob-
served WDs (first group) in the globular
cluster M4.
No WD star M(M⊙) L(1028erg s−1)
1 0.28 6.318
2 0.673 6.979
3 1.006 8.563
4 1.154 4.728
5 1.378 4.766
4. Conclusions
In summary, in this work we have obtained new constraints on properties of dark
matter using the internal luminosity of white dwarf stars observed in the M4 globular
cluster. Our results probe the parameter space of light dark matter particles, in
the mass range 0.1 GeV − 5 GeV , which cannot be probed by other direct dark
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Table 2. Masses and luminosities of 5 ob-
served WDs (second group, lowest luminosi-
ties) in the globular cluster M4.
No WD star M(M⊙) L(1028erg s−1)
1 1.154 2.829
2 1.260 2.901
3 1.327 2.503
4 1.366 2.351
5 1.351 2.788
matter searches. The additional luminosity coming from the self-annihilations of
dark matter particles captured inside the stars, for a given object, depend on the
two free parameters of the models, namely the mass of the dark matter particle mχ,
as well as the nucleon-dark matter particle cross section σNχ. Imposing the condition
that dark matter particles with a mass smaller than 5 GeV , must not exceed the
observedWD luminosity, we obtained for σNχ the upper bound σNχ < 4×10−41cm2.
For a dark matter particle of 1 GeV , this value is a 3 order of magnitude smaller
than the one imposed by the current detectors (cf. Fig. 26.1 in,70 σNχ < 10
−38cm2).
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